The aim of this work was the development of nanostructured lipid carriers (NLC) using conventional fats and oils (soybean oil, SO and fully hydrogenated soybean oil, FHSO) for incorporation of free phytosterols (FP). FP are lipophilic bioactive compounds which can reduce blood cholesterol levels, through a competitive mechanism of absorption, aiding in the prevention of cardiovascular diseases. However, FP presents difficulties related to technological applications in foods due to the high melting point. In this way, NLC can be a means of making feasible incorporation of FP in foods. NLC were obtained in aqueous dispersion through the emulsification process, followed by high-pressure homogenization (HPH) using 3 and 5 cycles at 800 bar, with subsequent crystallization and stabilization of the lipid matrices (LM). The emulsifiers used were soybean lecithin (SL), ethoxylated sorbitan monooleate (T80) and sorbitan monostearate (S60). The thermal and crystalline behavior of the LM, FP and NLC were evaluated. NLCs were characterized by size and polydispersity. FP presented high crystallization (126°C) and melting (137°C) temperatures, but this did not avoid its incorporation into NLC. The NLC presented size between 154 to 534 nm and polydispersity ranging from 0.1 to 0.5, the lower limits being obtained with the T80. NLC were found to require lower temperatures to crystallize and polymorphic transitions were accelerated. This study indicated that the conventional raw materials were compatible with the development of NLC with FP.
identification was performed by calculation of the reaction time and comparison with the standard chromatogram.
The FP profile was obtained by the ratio of each phytosterol peak area and the total phytosterols peak area.
Formulations:
NLC were prepared with 10% (m/m) of the lipid phase and 90% (m/m) of the aqueous phase.
The aqueous phase was composed of distilled water and 2% of emulsifier according to Santos et al. [13] . Regarding the lipid phase, NLC was developed with lipid matrices composed of 50% of liquid lipid (SO) and 50% of solid lipid (FHSO) . For NLC with the incorporation of the bioactive compound, the liquid lipid was partially replaced by 30% of FP. The emulsifiers SL, S60 and T80 were used separately in each formulation for evaluation of their individual behavior ( Table 1) .
ID a Lipid Fraction (10% of the general formulation) b Emulsifier HPH cycles Lipid matrix (%)
Bioactive Compound (%) 
Particle size and Polydispersity Index:
The particle size of the nanoparticles was obtained by means of the hydrodynamic diameter (Z-ave) in nanometers (d.nm) using dynamic light scattering (DLS) with a high-power laser in Zetasizer Nano NS equipment, Malvern, United Kingdom. The nanoparticles were evaluated in triplicate for the Z-ave and PDI after 24 h and 15 days of the production process. The samples were diluted with distilled water to reduce the opalescence before the determinations. Data analyzes were performed using the software included in the equipment system.
X-ray diffraction:
The X-ray diffraction (XRD) of LM and the dried nanoparticles were determined according to the AOCS method Cj 2-95 [14] . Previously, the LM was melted at 130°C, crystallized at 5°C/24 h followed by stabilization at 25°C/24 h. The measurements were carried out in a Philips diffractometer (PW1710)
using Bragg-Brentano (:2) geometry with Cu-kα radiation (λ=1.54056 Å, 40 KV voltage and 30 mA current). The measurements were obtained at 25°C with steps of 0.02° in 2° and an acquisition time of 2 seconds, with scans of 1.8 to 40° (2° scale). The identification of the polymorphic forms of triacylglycerols was performed from the Short Spacing (SS) characteristic of the lipid crystals [14] .
Statistical analysis:
Data were statistically analyzed by means of One-Way Analysis of Variance (ANOVA) with the Statistica (V.7) Software (Statsoft Inc., Tulsa, UK). The Tukey test was applied to determine the significant differences between the means, at a level of p ≤ 0.05.
Results and Discussion

Chemical characterization
In the FAC of the SO, the predominant content of unsaturated fatty acids was 53.32% of linoleic acid (C18:2), 23 .38% of oleic acid (C18:1) and 6.66% and linolenic acid (C18:3). Regarding the saturated fatty acids, 10.70% of palmitic acid (C16:0) and 4.26% of stearic acid (C18:0), were predominated ( Table 2) . Similar values were reported by Ribeiro et al. [19] , but it is also possible to find SO with very broad ranges of unsaturated fatty acids, such as 48-59% linoleic acid, 17-30% oleic acid and 4.5-11% linolenic acid [20] . During the process of total hydrogenation of oils, the unsaturated fatty acids are transformed into saturated fatty acids [7] . Thus, the high content of stearic acid (C18:0) found as a major in FHSO is a consequence of the complete hydrogenation process of SO, which naturally contains high concentrations of unsaturated fatty acids with 18
carbons [21] . The FHSO presented 87.11% of stearic acid (C18:0), 11.22% of palmitic acid (C16:0), with small proportions of arachidonic and behenic acids ( Table 2) . Metabolically, stearic acid is basically used as an energy source, with no influenced the metabolism of hormones, prostaglandins, and leukotrienes.
In addition, it has no adverse effect on the risks of cardiovascular diseases, it has no atherogenic effect [21] . 
Thermal characterization
Crystallization behavior of lipid matrices:
The SO was liquid at room temperature and during NLC production, because it is composed mainly of the unsaturated fatty acids (linoleic and oleic) which present low melting points [22] . Therefore, the SO is a suitable raw material for use as liquid lipid in NLC and of great potential for application in these systems, replacing synthetic liquid LM, mainly in terms of cost in the food industry scenario.
In the crystallization of FHSO, only one peak was observed, reaching maximum crystallization at 47°C. This behavior was also reported by [7] , it is directly related to the chemical composition, since FHSO is composed of approximately 87% of stearic acid. Mensink [24] and Tamjidi et al. [25] have reported that lipid mixtures rich in stearic acid represent raw materials of great importance for lipid nanoparticles composition since it presents a J Nanotechnol Res 2019; 1 (1): 001-022 DOI: 10.26502/jnr.2688-8521001
Journal of Nanotechnology Research 9 melting point higher than body temperature and also because stearic acid is considered metabolic neutral. The mixture of SO and FHSO in the proportion of 50% of each, showed a single peak at 43.09°C. Some authors have reported that the combined use of solid and liquid lipid fractions in lipid nanoparticles is important to maintain structural and stability characteristics. In addition, for incorporation of bioactive compounds, the use of both, liquid and solid lipids, is positive, since it allows the elaboration of LM with a low crystallinity degree, offering more spaces to accommodate the bioactive compound in nanoparticles structures, as well as to minimize the undesired expulsion of the bioactive compound during possible polymorphic transitions [25, 26] .
Crystallization behavior of FP:
A peak crystallization was observed, with Tpc of approximately 126°C and a melting peak at 137.94°C, indicating that the predominant fraction of the FP components have similar crystallization and melting properties ( Table 5 ). However, between 50 and 60°C, some exothermic and endothermic transitions were observed, but at low intensities (Figure 1 ). Table 5 : Crystallization behavior of the lipid raw material and their blends with emulsifiers and FP, used in the production of NLC. Initial crystallization temperature (T ic ), peak crystallization temperature (T pc ), enthalpy of crystallization (ΔH c ) and final crystallization temperature (T fc ).
Samples T ic (°C) T pc (°C) ΔH c (J/g) T fc (°C)
Vaikousi et al. [9] observed similar events with peaks close to 60°C and also 97 and 105°C. According to these authors, these thermal events may be related to the loss of hydration water from the crystals remained from the FP obtaining process, that undergoes repeated washes with aqueous solutions. Firstly, a part of the hydration water is lost, and semi-hydrated crystals are formed (below 60°C), while the remainder of the hydration water leaves the crystal at approximately 90°C. As seen, FP has a high melting point, and, in addition, the present water insolubility, characteristics that result in the great technological challenge for food applications. As reported by Hariklia Vaikousi et al. [9] in their studies, the direct delivery of FP in food is considered a technological challenge, since the high crystallinity/insolubility can often become a restrictive factor for the physical stability of several products. Thus, the incorporation of FP into NLC can be a viable alternative for the enrichment of several food products. In NLC the FP are solubilized in the LM and assume a different physical behavior, as can be observed in Figure 2 and Table 5 , discussed below. The use of S60 in NLC+FP produced from 3 and 5 cycles of HPH caused a significant increase (p ≥ 0.05) of Z-ave, corresponding LM. It is noteworthy that both were subjected to the same crystallization conditions and XRD analysis. Thus, it is suggested that the stabilization in the β-form may be related to the additional processes of nanoparticles drying. Salminen et al. [30] described that polymorphic transitions in the nanoparticles are facilitated when temperature increases in the system. However, the results obtained here showed that after both drying treatments, crystals were observed in the most stable form (β). Moreover, for NLC+FP, similar diffractograms were obtained for lyophilized and oven dried nanoparticles ( Figure 5G and 5H) . Being the SS at 4.6 nm, characterized as very strong intensity for the NLC+FP with S60 and of medium intensity, for the NLC+FP containing T80 ( Table 7) .
The drying process did not interfere in the NLC+FP polymorphism. However, the different emulsifiers were found to interfere in the NLC+FP crystallinity, the systems developed with the T80 emulsifier were less crystalline when compared to those containing S60 ( Figure 5H and 5G ). Table 7 : Triacylglycerols polymorphic forms, short spacings and peak intensities in the diffractogram from lipid matrices and NLC obtained through 3 cycles of HPH, heated (oven dried) and lyophilized.
Lipid matrices
On the other hand, polymorphic transitions of β' to β were hampered in the oven drying process of the NLC ( Figure   6C and 5D). It was mainly observed in the systems developed with SL and T80, which presented very weak intensities of SS peaks at 4.6Å, referring to the β-form (Table 7) . Probably, partial melting of some TAGs, of an intermediate melting point, may have occurred during the heating, drying, hindering the mobility of the crystalline structure to the most stable form (β). This was not observed in the nanoparticles developed with FP, because they presented higher thermal resistance due to the high melting point of FP. Finally, the obtaining of nanostructured systems in the β-form, which is the most stable form, guarantees that during the application of these systems in food, no more polymorphic transitions will occur, which could be associated to the destabilization of the product during storage.
Conclusion
SO and FHSO were found to be compatible materials for the development of NLC and NLC+FP. The HPH process was effective to obtain the NLC and NLC+FP, mainly by maintaining the high temperature of the systems during processing, avoiding the crystallization of the solid lipids and FP. The number of HPH cycles did not interfere with the particle size and polydispersity of the nanoparticles, but it did contribute to PDI reduction in the NLC+FP. The T80 was more effective in the stabilization of the systems, providing the smallest values of size and polydispersity for the nanoparticles. The nanoparticles in aqueous dispersion, compared to the LM, required lower temperatures for crystallization. The systems developed with FP presented higher thermal resistance. The polymorphic transitions were accelerated after the drying processes, with crystals predominating in the β-form. The drying method did not interfere in the polymorphism of carriers with FP, but for those without FP, the polymorphic transitions were hampered in the oven drying process. In addition, in both NLC and NLC+FP, the systems with T80 were less crystalline. Thus, it can be concluded that the systems developed are innovative systems, mainly in terms of compositions of LM and present a high potential for food applications. We suggest the use of NLC+FP in aqueous based foods, where FP dispersion is hampered by their high melting point and limited solubility. In addition, it's possible to apply the oven dried or lyophilized NLC, as crystallization seeds in lipid-based foods, for the induction of β-form.
